Ty3 encodes structural proteins in its upstream open reading frame (GAG3) and catalytic proteins in an overlapping open reading frame (POL3). As is the case for retroviruses, high levels of structural protein versus catalytic proteins are synthesized and we show here that catalytic proteins are derived from a GAG3-POL3 fusion polyprotein. To evaluate the relative contributions of structural and catalytic components of the Ty3 particle, we perturbed the balance of these proteins by fusing the GAG3 and POL3 frames. This fusion Ty3 was capable of complementing low levels of transposition of a donor Ty3 which contained only cis-acting sequences required for transposition. Examination of extracts of cells expressing the GAG3-POL3 fusion mutant showed that particle formation differed qualitatively and quantitatively from viruslike partide formation by wild-type Ty3. Surprisingly, expression of 238 codons of GAG3, encoding only capsid protein, complemented transposition and particle formation defects of the fusion mutant, showing that the limiting deficiency was in capsid, and not in nucleocapsid, function. In addition, protein containing the capsid domain expressed alone accumulated in the same particulate fraction as viruslike particles, showing that it was sufficient for particle formation. The activity of the Ty3 fusion mutant contrasts with the inviability of mutant retroviruses in which gag and pol frames were fused and argues that retrotransposons tolerate considerable variation in the nucleoprotein complexes that permit replication and integration.
Formation of particles within which replication occurs appears to be a universal property of retroviruses and related retrotransposons (19) . Two classes of retrotransposons, copia-like and gypsy-like elements, are represented in Saccharomyces cerevisiae by Tyl, Ty2, and Ty4 and by Ty3, respectively (4) . These classes of elements differ in transcriptional regulation and in the cis-acting sequences required for transposition. The catalytic proteins required for transposition are very distantly related, and the order in which they are encoded differs between the classes. The structural proteins encoded by the two classes appear to be unrelated. High-level expression of each class has been shown to result in formation of intracellular viruslike particles (VLPs). This investigation was undertaken to explore the mechanism which controls the differential expression of structural and catalytic components of the Ty3 VLP and to determine how sensitive particle formation and transposition are to perturbation of this ratio. Ty3 is 5.4 kbp long and is composed of 340-bp long terminal repeats (LTRs), termed sigma elements, flanking an internal domain. Ty3 transcription begins in the upstream LTR and terminates in the downstream LTR. The transcript is terminally redundant and polyadenylated and contains regions analogous to the retrovirus minus-and plus-strand priming sites (10) . Ty3 proteins are encoded in two open reading frames (ORFs), GAG3 of 307 codons, predicted to encode a protein of 290 amino acids, and POL3, which contains 1,270 codons (21, 22) . POL3 overlaps GAG3 by 38 nucleotides (nt) in the plus-one frame. Haploid cells which are not induced with pheromones produce little or no Ty3 RNA (10) . However, if Ty3 is cloned under control of a heterologous upstream activating sequence (UAS), high levels of Ty3 transcription * Corresponding author.
can be induced over prolonged periods (21) . Cells in which Ty3 has been induced in this manner contain VLPs of approximately 156S (20) . The VLP fraction contains the 5.2-kb Ty3 transcript, Ty3 DNA, and Ty3-encoded proteins. The GAG3 proteins of the nucleoprotein complex have apparent masses of 39, 38, 31, 26, and 9 kDa. The 26-kDa capsid protein (CA) contains a portion of the major homology region identified in retroviral CA proteins (49) and is encoded at the upstream end of GAG3. The 9-kDa nucleocapsid protein (NC) contains one copy of the CX2CX4HX4C motif found in all retroviral NC proteins and is encoded in the downstream portion of GAG3. The 39-and 38-kDa species react with antibodies raised against peptides from the amino-and carboxyl-terminal regions. These properties and sizes would be consistent with translation products encoded by the complete GAG3 ORF. The 31-kDa protein reacts with the antibody raised against the amino-terminal peptide but not with that raised against the carboxyl-terminal peptide. The POL3 gene encodes an aspartyl protease (PR) with an apparent mass of 16 kDa (28), a reverse transcriptase (RT) of 55 kDa, and integrase (IN) proteins of 61 and 58 kDa. VLPs accumulate and transposition occurs when transcription of the Ty3 RNA is induced (20, 21) .
Studies of expression of retroviral proteins have shown that the correct ratio of gag to pol proteins is important for infectious particle formation (11, 17, 35, 37, 41, 47) . Expression of synthetic gag-pol fusions results in accumulation of protein but no infectious virions. On the other hand, expression of gag sequences alone or in the presence of wild-type (WTI) viral proteins can result in particle formation (12, 27, 46, 50) . Expression of the Tyl structural protein in the absence of catalytic proteins has also been shown to result in formation of intracellular particles (7) . In the case of the Drosophila retrotransposon copia, structural proteins and protease are encoded by a spliced transcript formed from the same ORF that encodes polymerase and IN. Mutations which eliminate splicing eliminate detectable particle formation, suggesting that a high ratio of structural protein and protease to other proteins is essential for stability (54) . However, because the retrotransposon life cycle is intracellular, the requirement for an excess of free structural protein is potentially less stringent for retrotransposons than for retroviruses. The current study was undertaken to address the following questions. (i) are Ty3 POL3 proteins synthesized as part of a Gag3-Pol3 precursor? (ii) If so, is high-level production of the fusion polypeptide alone accompanied by processing, particle formation, or transposition? (iii) If the polyprotein precursor is not sufficient for these activities, what is the basis of the defect?
MATERIALS AND METHODS
Yeast and bacterial strains and culture conditions. Culturing and transformation of Escherichia coli and S. cerevisiae strains were done by standard methods (1). S. cerevisiae yVB110 (MATa trpl-A901 gal3 ura3-52 his3-A200 ade2-101 lys2-1 leul-12 canl-100 A Ty3), which contains no endogenous Ty3 elements (21) , was used for experiments in which Ty3 transposition was monitored. Immunoblot analysis was performed on strain AGY-9 (MATa ura3-52 his4-539 lys2-801 trpl-A63 leu2-Al spt3) (a gift of A. Gabriel and J. Boeke, The Johns Hopkins University, Baltimore, Md.). AGY-9 showed no expression of Ty3 proteins in this immunoblot analysis in the absence of Ty3-bearing plasmids and Ty3 induction. AGY-9 transformed with plasmids expressing Ty3 was used for VLP protein analysis because the mutation in SPT3 reduces Tyl expression (51) . AGY-9 also produces higher levels of Ty3 proteins and presents a simpler protein pattern in particulate fractions than Ty3 null strain yVB110. Processing of Ty3 proteins is indistinguishable in the two strains (20) .
Single-stranded DNA used for site-directed oligonucleotide mutagenesis was generated in E. coli RZ1032 [lysA(61-62) thi-1 reL41 spoTi dut-1 ung-l (Tetr) supE44] as described by International Biotechnologies, Inc. Other plasmid manipulations were performed by using E. coli HB101 [F-hsdS20 (rB-mB-) recA13 leuB6 ara-14 proA2 lacYl galK2 rpsL20 (Smr) xyl-s mtl-i supE44 X-].
Recombinant DNA procedures. All recombinant DNA techniques were performed essentially as described in Current Protocols in Molecular Biology (1) . The wild-type Ty3-lacZ fusions were made by subcloning EcoRI-XmnI or EcoRI-ScaI fragments of Ty3 into the EcoRI-SmaI site of lacZ fusion vector pWF-B7. Plasmid pWF-B7 is identical to pWF-B9 (18) , except that the orientation of the HIS3 gene is reversed. It contains a polylinker upstream of lacZ and bacterial ori and Ampr sequences. It is maintained in high copy number in S. cerevisiae by virtue of a sequence from the 2,um episome and is selectable by HIS3 function. The GAG3-lacZ fusion in plasmid pDF445 contains GAG3 through the XmnI site (59 bp after the first base of the initiator Met) fused to codon 9 of lacZ. The GAG3-POL3-lacZ fusion in plasmid pDF446 contains the Ty3 sequence through the ScaI site, located at position 1678 in POL3, fused to codon 9 of lacZ. For diagrams of these constructs, see Fig. 1B . Plasmid pDF447 was made from pDF446 by filling in the ends of BglII-linearized Ty3 DNA with the DNA polymerase I large fragment, followed by ligation; this insertion of 4 bp created a stop codon beginning at nt 1141 in GAG3. pDF448, in which the GAG3 and POL3 frames were fused, was made by oligonucleotide site-directed mutagenesis of a clone containing the Ty3-1 fragment extending from the XhoI site in the upstream LTR to the SalI site in the middle of the element (see Fig. 1A ). The mutagenic oligonucleotide 5'CGAGTTCAAGATCGGTTAGACTCGCCTAC GTGCTCTAC3' was annealed to the single-stranded DNA form of this phagmid prepared in RZ1032 from Ty3 nt positions 1254 to 1293 on the plus strand and was extended to make double-stranded DNA. This was transformed into HB101. The resulting plasmid contained a deletion of 1 nt of the Ty3 sequence in the overlap region. For its position, see Fig. 1A . The cloned, mutated HindIII-ScaI fragment of Ty3 was transferred into the HindIII-SmaI sites of a vector polylinker. The EcoRI fragment containing this Ty3 sequence was recloned into pWF-B7 at the EcoRI site with GAG3-POL3 in frame with lacZ to create pDF448 (see Fig.  1B and C). The Ty3-lacZ fusions were all expressed under the natural Ty3 promoter.
Protein expression studies and transposition studies used galactose-inducible Ty3 elements. Fusion of the GALl-10 UAS upstream of the putative Ty3 TATA element was previously described for the construction of pEGTy3-1 (21 13-gal assays and determination of lacZ expression. Ty3 transcription was induced in cells at an optical density at 600 nm of 0.4 by treatment with a-factor (0.35 p,M) for 1 h (45), and 1-galactosidase (13-gal) activity was assayed on permeabilized transformants as previously described (38) .
For Northern (RNA) blot analysis, total RNA was extracted by the procedure of Elder et al. (15) . RNA was precipitated with ethanol, redissolved in water, denatured by reaction with glyoxal (33) , fractionated by electrophoresis on a 1.1% agarose gel in 10 mM sodium phosphate buffer (pH 7.0), and blotted to nitrocellulose as described by Thomas (43) . For each transformant, 20 Fg of RNA was analyzed. Transcripts were probed with a fragment containing nt 1 to 6200 of the lacZ gene isolated from plasmid pFR109 (40) For immunoblot analysis of Ty3-lacZ fusion proteins, whole-cell extracts were prepared from 30 ml of cells as previously described (38) peptone, 2% glucose) and grown for 1 day to allow loss of marked donor plasmids. Patches were then replica plated onto synthetic medium lacking histidine and containing 5-fluoro-orotic acid (5FOA) to select for cells which had undergone transposition. 5FOA is toxic to cells containing orotidine 5' monophosphate decarboxylase, the product of the URA3 gene. Cells which survived the selection on medium containing 5FOA and lacking histidine were further examined by Southern blot analysis to determine whether there was evidence for recombination-mediated rather than transposition-mediated acquisition of Ty3 elements. Two independent His', 5FOA-resistant isolates were examined for each of two independent double transformants representing each donor-helper combination tested. DNA was extracted from each of the four isolates, digested with EcoRI, fractionated on a 0.8% agarose gel by electrophoresis, transferred to nitrocellulose, and probed with HIS3-specific, sigma-specific, and pIBI20-specific probes. After washing, each hybridized nitrocellulose filter was exposed to XAR-5 film for equal amounts of time. Data are shown for two of each of the four isolates analyzed.
VLP analysis. AGY-9 transformed with each of the indicated plasmids was grown in synthetic medium containing galactose as a carbon source to induce expression of the Ty3 element and lacking uracil or uracil and tryptophan to select for donor or donor-and-helper plasmids, respectively. Cultures were grown to an optical density at 600 nm of 0.9 to 1.1. Preparation of cell extracts and sucrose step gradient fractionation of induced and control cells were done by the method of Eichinger and Boeke (14) modified as previously described (20) . Extracts representing 1 liter of the induced culture were fractionated through 26-ml sucrose step gradients (70-30-20% gradients of 5, 5, and 16 ml, respectively) or through linear 10 to 50% sucrose gradients. Four milliliters was reserved from the 70-30% interface per step gradient. These fractions were concentrated by centrifugation in a Ti 50 rotor (Beckman Instruments, Inc.) at 100,000 x g for 1 h at 4°C and suspended in 100 ,J of 10% glycerol. Extracts from cells expressing the high-copy-number, galactose-induced Ty3 elements on pEGTy3-1 and pEGTy3-1-OL were analyzed on linear 10 to 50% sucrose gradients. Proteins present in six sets of five consecutive linear gradient fractions were pooled and processed in the manner described for the step gradient, except that pellets were suspended in 50 ,ul of buffer B (Mg2" plus 10% glycerol). Protein concentrations were determined by the Bradford assay (5), and samples were mixed with one-third of a volume of 4x Laemmli sample buffer, boiled for 2 min, and fractionated by electrophoresis on an SDS-polyacrylamide gel. Immunoblot analysis was the same for these samples as that described above for lacZ samples. The anti-CA and anti-IN antibodies were raised against peptides represented within the 26-kDa CA and 61-and 58-kDa IN proteins, respectively, and affinity purified. Their use has been described previously (20, 22) . The anti-CA antibody was previously designated anti-GAG1. RESULTS POL3 proteins are synthesized as part of a GAG3-POL3 fusion polyprotein, and the level of this protein is low compared with the level of GAG3 protein synthesized. Retroviruses synthesize catalytic proteins as fusions with structural proteins (24, 25) . The copia (54) and Tyl (2, 9, 34) retrotransposons have been shown to express catalytic proteins as fusion proteins, as has yeast double-stranded killer RNA (13) . Expression of free and fused structural proteins provides a mechanism for ensuring that higher levels of structural proteins than catalytic proteins are synthesized from a single RNA genome and for localization of catalytic proteins to the capsid structure. To determine the relative levels of Ty3 POL3 and GAG3 proteins synthesized and to determine whether POL3 proteins are synthesized as fusion polyproteins with GAG3 proteins, a lacZ fusion strategy was employed. GAG3 and GAG3-POL3 were fused in frame to codon 9 of lacZ on high-copy-number plasmids (Fig. 1) . Plasmids containing Ty3-lacZ fusions were transformed into Ty3 null strain yVB110, and Ty3 expression was induced by treatment with a-factor. The level of n-gal activity produced from the GAG3-POL3 fusion was about 4.3% of that of the GAG3 fusion (Table 1 ). This level of POL3 expression relative to GAG3 reading frame expression is comparable to the representation of these proteins in the Ty3 VLP (20) .
If POL3-encoded proteins are synthesized as Gag3-Pol3, then disruption of the GAG3 reading frame should block POL3 expression posttranscriptionally. The Ty3 GAG3-POL3-lacZ fusion carried on pDF446 was modified by introduction of 4 bp creating a stop codon at Ty3 nt 1141 to 1143 within the GAG3 ORF (pDF447). 1-gal activity levels in extracts of cells carrying this construct were close to the background level (Table 1) . Thus, translation of POL3 is dependent on translation of at least a portion of GAG3, consistent with the existence of a GAG3-POL3 protein.
Because it was possible that differences in stabilities of fusion mRNAs or in specific activities of 1-gal fusions resulted in the different levels of 13-gal activity, levels of fusion RNAs and proteins were monitored by using a lacZspecific probe and anti-,8-gal antibodies. Figure 2 shows the results of these analyses. Cells containing the GAG3-lacZ and GAG3-POL3-lacZ fusion constructs showed the expected 3.0-kb (lane 1) and 4.5-kb (lane 2) transcripts, respec- tively. The GAG3-lacZ transcript, however, was present at 1.7-fold the level of the GAG3-POL3-lacZ fusion transcript. Because both fusion constructs have the same promoter, this difference in transcript levels could have arisen from differences in mRNA stability. In both cases, several highermolecular-weight mRNA species were seen which are probably run-on transcripts. Cells containing the GAG3-POL3-lacZ fusion (lane 2) showed levels of transcripts similar to levels observed for the GAG3-POL3 fusion into which a nonsense mutation in GAG3 was introduced (lane 3). Thus, differences in mRNA levels accounted for a fraction of the difference observed between expression levels of the GAG3 and GAG3-POL3 fusion constructs but did not account for the loss of activity when the GAG3 ORF was disrupted.
The result of immunoblot analysis of extracts of cells carrying different fusion plasmids with anti-,B-gal antiserum is shown in Fig. 2C . The GAG3-lacZ fusion construct produced a single species, as expected, close to the size of the full-length ,B-gal protein marker (Fig. 2C, lane 4) . The GAG3-POL3-lacZ product consisted of two proteins, one slightly larger than the Gag3-,B-gal fusion and one of approximately 160 kDa (Fig. 2C, lane 1) . The two species were present at similar levels. The 160-kDa protein was close to the size predicted for a Gag3-Pol3-,B-gal fusion protein. The size of the smaller protein was about 130 kDa and thus similar to the size predicted for a Gag3-Pol3-,B-gal fusion lacking the Gag3 domain. Extracts of cells expressing a GAG3-POL3-lacZ fusion with a disrupted GAG3 ORF did not contain detectable 1-gal, consistent with the results of the ,3-gal activity assay (Fig. 2C, lane 2) . The relative 1-gal protein levels observed were qualitatively similar to 1-gal activities, suggesting that specific activity did not vary grossly among the various fusion proteins.
We hypothesized that the smaller protein which was expressed from the GAG3-POL3-lacZ fusion but which was not made when a stop codon was introduced into GAG3, was produced by a posttranscriptional or posttranslational mechanism. If it represented a posttranslational processing product of a larger readthrough protein, as suggested by the effect of introducing a stop codon into the GAG3 ORF, then levels of the smaller and larger proteins would be expected to increase if a synthetic GAG3-POL3 fusion were expressed. If, on the other hand, this smaller protein were produced from a processed RNA, then the levels of the smaller protein would not be expected to increase dramatically in response to a single-nucleotide deletion. To investigate which of these models could account for the Ty3 proteins, a synthetic C. probe: anti-B-gal GAG3-POL3-lacZ fusion mutant was produced by deletion of nt 1273 within the GAG3-POL3 overlap region (Fig. 1A) , resulting in fusion of the GAG3 and POL3 reading frames.
The plasmid bearing this mutant Ty3 was designated pDF448. Examination of extracts of cells carrying this plasmid and induced for Ty3 expression showed that levels of this fusion mutant mRNA were about 1.2-fold those of the GAG3-POL3-lacZ construct ( Fig. 2A, lanes 4 and 2, respectively) . Extracts of cells transformed with this mutant and induced with a-factor treatment showed about fivefold the levels of ,3-gal activity observed in cells transformed with the WT GAG3-POL3-lacZ fusion ( Table 1) . Levels of both the 130-and 160-kDa proteins were 5.3-fold higher in cells containing the GAG3-POL3-lacZ fusion mutant than in cells containing the WT GAG3-POL3-lacZ construct (Fig. 2C,  lanes 3 and 1, respectively) , but the ratio of the two species was the same, suggesting that these species were similarly derived from the mutant and WT fusions. This result showed, first, that the apparent mass of the larger Gag3-Pol3-,B-gal fusion protein produced from the WT Ty3 sequence is the same as that of the protein initiated in GAG3 and translated into POL3 produced when the ORFs are fused. Thus, the natural POL3-encoded protein is produced as a fusion protein which includes all or most of the GAG3-encoded sequence. Second, this result showed that readthrough of GAG3 into POL3 increased the levels of both the large and small proteins expressed from this RNA without significantly changing the level of the RNA; this is consistent with posttranslational production of the smaller protein. The specific derivation of the smaller protein cannot be determined from these results. In Rous sarcoma virus (3) and copia (54) , where the protease is encoded in the same ORF as structural protein, expression of downstream sequences is not required for particle formation and processing. The Gag3-Pol3 fusion contains the Ty3 PR domain, and the 130-kDa species is near the size of a 4-gal-containing protein predicted if a Gag3-Pol3---gal protein is cleaved at the position of the amino terminus of the Ty3 protease (28).
The GAG3-POL3 fusion polyprotein inefficiently complements transposition of Ty3 donors containing only cis-acting sequences required for transposition. The possibility that a stable Gag3-Pol3-,4-gal fusion protein was not only synthesized but processed suggested that Gag3-Pol3 might be capable of sponsoring transposition. Cells undergo relatively high levels of Ty3 transposition when elements under control of the GALI-10 UAS are induced by growth on galactosecontaining medium. The function of a Ty3 mutant in which GAG3 and POL3 were fused was measured by using a genetic assay. This assay was similar to that described previously (8) . Because POL3 extends into the downstream LTR, two Ty3 elements are required to provide functions in cis and in trans for transposition.
Ty3 null strain cells were transformed with two plasmids-one helper and one donor-carrying galactose-inducible Ty3 elements (Fig. 3A and B) . The helper plasmid carried bacterial ori and Ampr functions and yeast TRPJ and ARS-CEN sequences. The galactose-inducible Ty3 element was either WT or OL. These Ty3 elements were referred to as helper elements because they were a source of transacting proteins. The donor plasmid was one of four which carried a galactose-inducible Ty3 donor. These plasmids contained the bacterial ori and Ampr sequences. In addition, they contained yeast 2,um and URA3 sequences so that they would be maintained in a high copy number and so that cells containing them could be selected for on medium lacking uracil or against on medium containing 5FOA. The yeast HIS3 gene replaced different amounts of the Ty3 sequence in each donor and was used to monitor the presence of Ty3 (see Materials and Methods). Plasmids pKO253 and pKO254 (36) contained 5 and 26 codons of GAG3, respectively. Donor plasmid pJK314 produced an RNA which contained all of the CA coding region but only five codons of NC (29) . Donor pJK421 produced RNA which included GAG3, CA and NC coding regions, and the beginning of POL3, including the PR and RT coding regions. These HIS3-marked Ty3 elements were designated donors because they contained cis-acting sequences required for replication and transposition (36) . Cells transformed with donors alone or helpers and donors were grown on galactose to induce transposition and were replica plated onto YPD to allow loss of the marked donor plasmid. Finally, cells in which transposition occurred were selected by growth on medium lacking histidine and containing 5FOA (Fig. 3C) . These colonies typically represent cells which have acquired a genomic copy of the marked Ty3 but no longer contain the donor plasmid. pKO254 interfered with particle production (Fig. 4) (Fig. 3C) The GAG3-POL3 fusion mutant is defective in particle If formation, but a protein containing CA, but not NC, is sufficient for particle formation. The higher frequency of transposition in cells containing the OL helper together with donors that contributed free Gag3 or CA protein suggested that the level of structural proteins, and therefore particle formation, was limiting for transposition. To investigate whether this was the case, AGY-9 cells were transformed with low-copy-number WT and OL helpers, the four highcopy-number donor plasmids, and all eight combinations of helpers and donors. Cells were induced to express Ty3 by growth on galactose, and extracts of these cells were fractionated over 70-30-20% step sucrose gradients. The 70-30% interface fraction, which contains concentrated VLP proteins when wild-type Ty3 is expressed, was then examined by staining interface proteins with Coomassie blue and by immunoblot analysis using antibodies that reacted with determinants in the CA and IN domains. The results of these analyses are shown in Fig. 4 .
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The Ty3 helper referred to as WT (on pJK311AC) proWr OL duced the 39-, 38-, 31-, and 26-kDa proteins which reacted with the anti-CA antibody (Fig. 4B) . No protein was detected in the interface fraction of the extracts from cells expressing the low-copy-number OL mutant using the anti-CA antibody. Cells expressing donor Ty3 elements from high-copy-number plasmids in the absence of helper Ty3 -t were also investigated. Expression of donor Ty3 elements pKO253 and pKO254, which contain only a few codons of i GAG3, did not result in detectable amounts of Ty3 protein at the 70-30% interface, even though the autoradiogram shown Sp_ on the left in panel B was produced with an exposure time twice that of the autoradiogram shown on the right. In the case of cells transformed with the donor pJK314, a 34-kDa protein was observed. This is approximately the protein size predicted on the basis of the 238 codons of GAG3 and the 38 codons of HIS3 which form the first ORF of this donor Ty3. Detection of the 34-kDa protein at the 70-30% interface argued that this protein, produced from a high-copy-number plasmid, was sufficient for particle formation. In the case of cells expressing Ty3 from pJK421, which had a deletion of only the IN coding sequence, the 39-, 38-, 31-, and 26-kDa GAG3-encoded proteins were detected, as previously described for wild-type Ty3 elements expressed from highcopy-number plasmids (20) . The level of protein detected was higher in the case of the extracts of cells transformed with donor pJK421 than for cells transformed with the WT helper, as expected for production from a high-copy-number plasmid.
The particle formation defect of the GAG3-POL3 fusion mutant is rescued by expression together with the CA domain. Particle formation in cells transformed with helpers and donors in combination was also investigated. Expression of pKO253 or pKO254 in cells carrying either pWT or pOL did not result in a qualitative change in the pattern of CAcontaining protein, compared with the helper alone. When donor plasmid pJK314, which encoded the 34-kDa protein containing the CA determinant, was expressed together with the WT helper, a pattern which represented a combination of the donor and helper patterns was observed. In this case, the level of the 26-kDa protein was approximately that observed when the helper was expressed alone. It is not possible to deduce from these results whether there was processing of the 34-kDa protein, but the level of the 34-kDa protein suggests that this processing, if it occurred, was not efficient. In the case of pJK314 expressed together with the OL GAG3-POL3 fusion mutant, a combination which produced wild-type levels of transposition, the 34-kDa protein was present, as with the donor alone, but the 26-kDa protein was also observed. The source of the 26-kDa species was not clear, but on the basis of the fact that only the 34-kDa protein was observed with pJK314 alone, mutant Gag3-Pol3 was at least the source of processing activity to produce the 26-kDa protein. Expression of the donor Ty3 on pJK421, together with either the WT or OL helper, resulted in production of the 39-, 38-, 31-, and 26-kDa species, although these species were present at higher levels with the WT helper than with the OL helper Ty3.
The results of the transposition assay coupled with those from the immunoblot analysis suggested that capsid formation, if it occurred at all, was severely defective for the OL mutant. It was of interest to determine whether catalytic proteins, such as IN, could be detected in the particulate fraction and, in the case of the OL mutant, whether the levels of this protein were affected by the presence of capsid proteins. Aliquots of the same VLP extracts were therefore examined by using the antibody to the IN determinant (Fig.  4C) 
DISCUSSION
In retroviruses (24, 25) (6) or by suppression of a stop codon separating gag and pol (53) . In the case of Tyl and Ty2, readthrough is dependent upon a 7-nt sequence that contains a Leu codon followed by a codon decoded by a rare tRNAArg in the first frame and a Leu codon in the second frame that can be decoded by a plus-one shift of the tRNALu (2 (16) . Together, these results argue that a translational frameshifting mechanism is responsible for production of Gag3-Pol3.
Several retroid elements have now been examined for effects of the expression of fused structural and catalytic polyproteins, in the absence of free structural proteins, on replication and integration. In copia, structural proteins together with protease, are expressed from a spliced RNA. When the splicing reaction was blocked so that only the structural-catalytic precursor polyprotein could be made, neither the precursor protein nor particles were detected (54) . In the case of Tyl, a readthrough mutant was shown to produce a detectable fusion protein but was reported to be defective for particle formation (data not shown) (52) . Ty3 organization and composition are more closely related to those of the gypsy-like elements and type C retroviruses than to either of these retrotransposons, however, Recently, transposition of Tfl, a gypsy-like element identified in Schizosaccharomyces pombe, was demonstrated (31) . The proteins of this element required for transposition are encoded by one reading frame, and splicing signals have not been identified (32) . Elucidation of the proteins expressed by this element and the nature of the replication complex will be of particular interest in light of the results presented here showing that expression of a GAG3-POL3 fusion protein is sufficient for low levels of retrotransposition. Retroviral systems have also been examined for the effect of fusinggag and pol on production of infectious virus. Particles can be produced in Rous sarcoma virus when Gag is fused to cytochrome c (48) and Gag-a-gal fusion proteins are incorporated into particles in cells expressing WT viral proteins (27) . Nevertheless, fusion ofgag andpol blocked production of infectious Rous sarcoma virus (11, 35) , Moloney murine leukemia virus (17) , spleen necrosis virus (47), avian leukosis virus (41) , and human immunodeficiency virus (37) . In Moloney murine leukemia virus, Rous sarcoma virus, and avian leukosis virus, gag-pol protein was produced, but neither processing nor particle production was observed. In spleen necrosis virus and human immunodeficiency virus, the polyprotein was produced and processed but particles were not observed. With the exception of human immuno- deficiency virus, for which complementation testing was not reported, gag expression in trans complemented formation of infectious virions by the fusion mutants.
Our results differ from those obtained with the retroviral systems in that a low level of particle formation and a low level of transposition were observed in cells expressing only the fusion protein. In addition to the transposition assays described here, the OL helper was expressed in the absence of a donor Ty3 element and insertions were collected in a target plasmid. These transposed Ty3 elements retained the single nucleotide deletion fusing GAG3 and POL3 and were flanked by characteristic 5-bp direct repeats, confirming the ability of the OL mutant to transpose at low levels in these cells (29) . Although it is clear that transposition of the OL mutant occurred, our experiments do not identify the active particles. It is possible that preferential degradation of the POL3 domain actually allowed assembly of particles in which GAG3 protein predominated or that particles with equivalent levels of GAG3 and POL3 proteins had low levels of activity. Because retrotransposition occurs intracellularly and does not require budding and infectious particle formation, retrotransposition may have less stringent requirements for particle formation than does the viral life cycle.
Extracts of cells expressing the OL mutant contained the 39-kDa GAG3 protein but not the 38-kDa species which was present at high levels in cells expressing the WT Ty3. The molar representation of the 38-and 39-kDa species in WT VLPs had previously suggested that they were full-length GAG3 species derived from the free GAG3 and GAG3-POL3 polyproteins, respectively. The amino terminus of PR is encoded 20 codons downstream of the end of GAG3 (28) and is a candidate for a processing site which would produce a 39-kDa protein from Gag3-Pol3. The finding of the 39-kDa GAG3 species in the OL mutant particles in this study demonstrated directly its derivation from a GAG3-POL3 polyprotein.
An unanticipated finding of this study was that the OL mutant was defective primarily in CA. High levels of transposition occurred when a protein containing the CA domain but lacking the NC domain was expressed together with OL mutant Gag3-Pol3. Although mutations in retroviral CA have been shown to disrupt core particle formation (12, 27, 39, 48) , that did not exclude a role for NC as a major required structural component of active cores. The experiments presented here showed that CA appears to be the limiting component supplied from free Gag3 and that CA alone was capable of particle formation and association.
Considerable variation in the relative levels of the CA and NC structural domains appears to be tolerated by the Ty3 transposition process, and the requirements for intracellular movement of Ty3 elements are clearly relaxed compared with those for infectious retroviral particle formation. The possibility of relaxed requirements should now be taken into consideration in estimating the potential for intracellular movement of retrotransposons and variants of endogenous retroviruses in the genomes of higher eukaryotic cells.
